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TASK  ORDER  CRITIQUE 


The  technical  requlrenents  for  this  task  as  shown  In  the  Statement  of 
Work  are  listed  below  and  are  numbered  as  they  appear  In  the  task  order. 

2.1  The  subcontractor  shall  construct  or  obtain  the  remaining  components 
needed  to  assemble  the  planned  experiment. 

2.2  The  subcontractor  shall  supply  all  components  generated  under 
requirement  2.1,  above,  to  the  Government  for  Installation  In 
building  8971  or  other  site  at  the  option  of  the  Government.  The 
Government  will.  In  Its  own  facilities,  provide  all  other  Items 
and  services  required  to  complete  and  conduct  the  experiments. 

2.3  The  subcontractor  shall  monitor  the  Installation  and  operation  of 
the  experimental  apparatus  and  the  Government  execution  of  the 
experiments.  These  ecperlments  shall  Include  but  not  be  limited 

to  the  measurement  of  energy  Input,  development,  and  characteristics 
of  the  plasma  and/or  laser. 

2.4  Results  of  the  experiments  shall  be  analysed  and  a  final  report 
prepared  by  the  contractor.  This  report  shall  also  Include: 

2.4.1  A  description  of  the  experimental  equipment,  both  that 
supplied  by  the  contractor  and  that  supplied  by  the 
Government. 

• 

2.4.2  A  critique  of  the  potential  applications  of  the  Investigated 
light  source  and  lasers,  and 

2.4.3  Recoaawndatlons  for  future  developwnt  of  light  sources  of 
lasers  of  the  type  Investigated  under  this  contract. 

II.  RESPONSE  TO  THE  SOW  TECHNICAL  REQUIREMENTS 

2.1  The  planned  experiment  called  for  the  construction  of  a  capacitor 
bank  as  the  power  source  for  the  plasma  discharge  cell  which  Is  GFE 
and  the  procurement  of  Instrumentation  to  measure  radiation  Integ¬ 
rated  energy,  pulse  shape,  spectral  composition,  and  other  properties 
such  as  the  voltage  and  current  In  the  discharge.  Under  this  task 
order,  we  have  assembled  twelve  capacitors  as  a  Blumleln  network 

and  attached  this  line  to  the  plasma  discharge  cell.  Further,  we 
have  assembled  and  tested  the  Instrumentation  for  the  experiments. 

2.2  The  equipment  above  has  been  tested  and  Is  available  to  the  Govern¬ 
ment  as  stated  under  the  provisions  of  this  part  of  the  task  order. 
However,  the  Government's  technical  representative  has  requested 
that  the  experiments  be  conducted  at  .the  University  of  Alabama  in 
Huntsville  and  we  have  agreed  to  do  that.  Experiments  have  already 
been  started. 


2.3  The  experinents  are  being  conducted  at  the  contractor's  facilities 
and  by  contractor  personnel,  so  the  contractor  monitoring  function 
is  taken  care  of  automatically.  The  measureawnt  of  input  and  output 
parameters  was  accomplished  as  specified. 

2.4  The  results  of  the  experiments  have  been  analyzed  and  are  included 
in  this  report.  Also  included,  as  required,  are  the  descriptions 
of  all  the  equipment  peculiar  to  the  experiment,  a  critique  of  the 
potential  applications  of  the  light  source  and  laser,  and  recoumien- 
datlons  for  future  development  of  light  sources  for  lasers  of  the 
type  investigated  under  this  task  order. 

This  report  describes  the  work  done,  both  computationally  and  experi¬ 
mentally,  to  accomplish  the  objectives  of  the  task  order.  Following  the  design 
criteria  set  up  in  the  previous  work  (re:  Subcontract  No.  BDH-D-376-00MAAA, 

Task  No.  0001),  we  purchased  15  0.7  microfarad,  SO  kV  capacitors  having  reverse 
voltage  tolerance  of  40  kV.  Twelve  of  these  capacitors  have  been  incorporated 
into  a  Blumlein  network  to  serve  as  a  pulsed  power  source  for  the  discharge 
which  produces  the  plasma  light  source.  Under  the  present  task  order,  we  have 
constructed,  tested  and  used  this  power  source  to  produce  the  plasma  light 
source  for  laser  pumping.  The  capacitor  bank  will  hold,  at  50  kV,  10,500  Joules 
of  electrical  energy.  If  reasonable  Impedance  matching  can  be  maintained, 
approximately  80  percent  to  90  percent  of  the  energy  can  be  transferred  to  the 
plasma  in  about  10  microseconds.  Experiments  are  underway  to  determine  the 
actual  energy  transfer  to  the  plasma  and  the  eventual  transfer  of  radiation  in 
a  useful  band  to  a  laser  rod  or  dye  solution.  We  have  already  demonstrated 
the  radiation  output  pulse  shape  and  duration  for  a  range  of  pressures'  in  argon. 

111.  BACKGROUND  INFORMATION 

In  the  first  task  period  the  pertinent  literature  on  plasma  light 
sources  was  reviewed  and  a  coaq: rehens ive  review  made  based  on  reference 
citations  in  "Physics  Abstracts,  A”  dating  from  ca.  1973  to  the  present. 
Secondary  citations  carried  the  search  back  to  1960.  Over  forty  papers  were 
selected  for  detailed  study.  These  covered: 

(a)  Ten  papers  on  Mather  type  discharges 

(b)  Three  papers  on  hypocycloidal  discharges 

(c)  Four  papers  on  Imploding  gas  "shells" 

(d)  Two  papers  on  imploding  wire  arrays 

(e)  Two  papers  on  iaqilodlng  metal  shells 

(f)  Three  papers  on  Z  and  9  pinches 

(g)  Five  papers  on  exploding  wires 

(h)  Six  papers  on  spark  discharges 

(i)  *^0  papers  on  surface  sparks 


(J)  Eight  papers  on  numerical  analyses,  primarily  on  fluid  and 
plasma  dynamics  of  implosions 

(k)  One  paper  on  expanding  plasma  in  a  gas,  and 

(l)  Four  papers  on  instruments  and  controls  relating  to  the  above 
phenomena. 

The  primary  thrust  of  the  works  reported  in  these  papers  was  the  attempt  to 
produce  plasmas  suitable  for  controlled  thermonuclear  reactions  in  deuterium 
gas  (or  similar  things) ;  thus ,  the  most  "successful"  workers  reported  x-ray 
production  from  plasmas  in  the  1-2  keV  range.  Two  articles,  however,  had 
technology  which  we  consider  to  be  transferable  to  our  needs  [1,2].  Even 
here,  the  plasma  energy  was  about  12  eV  where  our  requirements  are  for  2-4  eV. 

The  work  of  Turchl  and  Baker  [1]  on  the  generation  of  high  energy  plasmas 
by  electromagnetic  implosion  contains  what  appears  to  be  all  essential  ingred¬ 
ients  for  our  proposed  plasma  light  source  experiments.  Their  goal  was  to 
show  how  to  obtain  a  multlmegajoule  high-temperature  plasma.  They  were 
specifically  trying  to  efficiently  couple  large  quantities  of  energy  from  a 
capacitor  bank  to  a  cylindrical  plasma.  Direct  ohmic  heating  of  the  plasma 
was  rejected  as  a  technique  since  the  plasma  radiative  dissipation  rate 
increases  rapidly  with  temperature  [(O)T'^]  so  there  is  a  marked  drop  in 
efficiency  of  heating  as  the  temperature  gets  close  to  50  eV  even  for  meg- 
ampere  currents.  Our  requirements,  as  relatable  to  the  pumping  of  either 
glass  or  dye  lasers,  are  for  peak  output  in  the  visible  (or  near  uv)  spectrum 
around  2  to  4  eV.  Also  we  must  determine  the  optimum  time  for  the  plasma  to 
pump  the  laser,  which  may  be  long,  i.e.,  1-10  ys.  With  the  lower  peak  tempera¬ 
ture  requirement  and  the  possibly  longer  plasma  radiation  time  requirement, 
the  pumping  of  energy  into  the  plasma  by  the  means  described  by  Turchl  may  be 
neither  desirable  nor  effective.  Their  radiation  goal  was  '^'lO"  W  in  1  -f  p 
sec. 


The  advantage  of  the  transfer  of  energy  to  the  plasma  by  x  ^  forces 
Instead  of  direct  ohmic  heating  is  that  energy  may  be  added,  almost  without 
loss,  as  kinetic  energy  of  motion  instead  of  as  heat.  Heating  occurs  during 
the  10  to  50  n  sec  that  the  imploding  gas  has  stopped  its  Inward  motion. 

There  the  kinetic  energy  is  converted  to  thermal  energy  and  is  quickly  radiated 
as  a  light  pulse. 

Turchl  and  Baker  [1]  have  calculated  that  neither  viscosity  (viscous 
Reynolds  number,  Rey  '^10*)  nor  magnetic  forces  (magnetic  Reynolds  number, 

®m  100-300)  are  major  factors  in  the  plasma  motion.  And  since  R^y  >> 
there  are  no  appreciable  viscous  effects  in  the  boundary  layer  either. 

The  dominant  hydrodynamic  instability  is  considered  to  be  the  Raylelgh- 
Taylor  (R-T)  instability  (les).  Successful  passage  through  the  R-T  domain  is: 


>>P 


(1) 
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where  is  the  cheracterlatic  growth  tine  for  R-T  Instabilities,  B^/2y 

is  the  nagnetlc  pressure,  and  P  is  the  plaana  pressure.  The  R-T  criterion 
is  aost  suited  to  the  current  sheath  around  a  cylindrical  plasna  core.  In 
our  experloents  the  plasna  itself  is  in  a  thin,  rapidly  moving  cylindrical 
sheet.  In  a  later  work  by  Baker,  et  al  [3],  an  experimental  measurement  of 
instability  in  an  Imploding  metal  sheath  showed  a  possible  kink  instability 
under  high  current,  thick  (nonvaporized)  foil  pinching.  This  does  not  appear 
to  happen  for  thin  foils  and  we  thereby  presume  it  does  not  happen  for  plasma 
sheaths,  at  least  in  the  area  of  our  Interests. 

In  order  to  overcome  nonuniform  initiation,  we  will  also  study  the 
variations  on  discharge  techniques  as  described  by  Roberts  [4]  in  which 
multiple  wires  were  used  as  input  conductors  and  by  Degnan  and  Relnovsky  [2], 
by  Benjamin,  et  al  [5],  and  by  Gersten,  et  al  [6],  in  which  either  multiple 
wires  or  multiple  gas  jets  took  the  place  of  the  evaporating  foil  liner. 

A  first-order  theory  to  model  an  Imploding  plasma  with  particular 
attention  being  given  to  MHD  instabilities  has  been  described  in  a  paper  by 
Hussey,  et  al  [7],  for  the  exact  cases  experimentally  examined  by  Turchi  and 
Baker  [l],  and  Baker,  et  al  [3].  We  will  attempt  to  use  this  work,  scaled 
down  to  our  requirements,  to  model  our  experiments  on  imploding  plasmas. 

In  general,  we  were  disappointed  in  the  lack  of  transferable  technology 
to  meet  our  requirements.  Several  authors  reported  successful  attempts  to 
use  the  Msther  discharge  and  hypocycloldal  discharge  to  pump  dye,  xenon 
rt^combination  and  iodine  dissociation  lasers.  Most  were  done  as  "after 
thoughts"  on  devices  designed  for  high  energy  plasma  erperiments.  Lee,  et  al., 
(1980) [8]  were  able  to  convert  a  hypocycloldal  device,  which  at  first  made 
hot  plasma,  Te  1  keV  and  10^’  /cc  ions,  into  a  cold  plasma  device  at  ■  1  eV 
and  10**  /cc  ions.  Incidentally  this  experiment  showed  why  there  may  be  a 
need  for  a  plasma  light  source  -  especially  for  lasers  with  fast  decay  processes. 
They  report  that  the  UV  Intensity  from  their  hypocycloldal  device  was  150  times 
as  strong  as  that  from  a  standard  flash  lamp  which  has  comparable  dimensions  and 
a  pulse  durstion  100  times  longer  than  the  hypocycloldal  discharge.  Lee  [8] 
makes  a  very  persuasive  case  for  the  hypocycloldal  discharge  as  an  optj.cal 
pump  for  lasers.  In  a  later  work.  Fanning  and  Rim  (1983) [9]  demonstrate  the 
pumping  of  a  dye  laser  by  a  Mather  type  discharge  and  state  their  preference 
for  this  type  over  the  hypocycloid  discharge  because  they  believe  that  the 
laser  tube  may  block  part  of  the  hypocycloldal  discharge.  This,  however,  may 
not  be  a  problem  since  a  high  pressure  (26.6  kPa)  argon  hypocycloldal  discharge 
has  a  hollow  core.  One  should  note  that  Kozlov  and  Protasov  (1976)  were 
probably  the  first  to  report  the  ptasping  of  a  dye  laser  with  a  Mather  type 
discharge  (or  similar  discharge) . 

No  one  appears  to  have  attempted  to  pump  a  laser  with  a  coaxial 
electrically-produced  plasma  using  a  linear  (Z  type)  discharge.  Most  Z 
discharge  work  has  been  directed  towards  producing  the  highest  possible 
plasma  energy  with  radiation  in  the  keV  range.  Such  radiation  is  completely 
wasted  on  the  visible  wavelength  lasers  which  require  visible  and  near  UV 
photon  pumping.  It  is  our  Intent  to  investigate  the  cylindrical  plasma 
produced  from  a  thin  metal  film,  plated  on  the  inside  of  a  glass  tube,  by  an 
intense  electric  discharge.  By  proper  control  of  the  system  geometry,  film 
typCf  thickness  and  discharge  characteristics,  we  expect  to  produce  plasmas 


4 


which  radiate  in  the  2-S  eV  range  where  the  optiaum  optical  pumping  for  dye 
and  Md  lasers  occurs.  Such  a  plasma  can  be  controlled  in  density  and  in 
teaq>erature,  and  further  it  may,  through  the  J,  x  ^  forces,  be  forced  to 
collapse  on  the  sidewall  surface  of  a  cylindrical  laser.  This  latter  property 
should  greatly  enhance  the  radiation  coupling  between  the  plasma  and  the  laser. 

IV.  EXPERIMENT  DESIGN 

A.  Rationale 

The  ultimate  objective  of  this  work  is  the  production  of  a  powerful 
pulsed  visible-wavelength  laser.  The  plasma  light  source  has  the  potential 
for  optically  pumping  a  laser  in  a  few  microseconds  with  a  correspondingly 
short,  high  power  output.  This  is  not  a  "Q"  switch  but  rather  a  so-called 
"gain-switched"  pulse.  The  ^.aversion  is  built  up  to  a  high  level  in  both 
cases  -  here  it  is  done  by  incense,  rapid  pumping,  rather  Chan  by  keeping 
the  cavity  "Q"  at  a  very  I  w  value. 

Items  which  must  be  considered  in  the  design  of  the  system  are: 

1.  Type  of  laser(s)  suitable  for  rapid  pumping, 

2.  Pump  intensity  and  wavelength  band  for  optimum  pumping, 

3.  Tolerance  of  the  laser  Co  out-of-band  radiation  generated 
in  the  pump  plasma  pr  means  for  reducing  out-of-band 
radiation  on  the  laser, 

4.  Plasma  generation  for  the  desired  radiation  band:  this 
Includes  Che  questions  of  type  of  parent  material  for  the 
plasma,  and 

5.  Electrical  and  geometrical  configurations  to  meet  the  system 
requirements. 

These  questions  were  addressed  in  the  original  task  and  results  were  reported 
there.  Based  on  our  answers,  we  proceeded  to  design  a  plasma  generator  and 
its  power  supply.  We  also  developed  several  computation  routines  which  aided 
in  Che  design  of  Che  combined  plasma  generator  and  power  supply  system.  A 
Transient  Circuit  Analysis  (TCA)  program  was  used  along  with  the  routines 
for  determining  capacitance  and  inductance  of  wire  and  gas  conductor  arrays 
to  produce  a  computational  model  which  could  be  used  as  a  design  aide  for 
construction  of  Che  system. 

The  design  for  Che  experiments  involved  (1)  the  selection  of  the  type  of 
lasers  Co  be  pumped  optically  with  plasma  radiations,  (2)  the  selection  of 
the  plasma  generator,  and  (3)  the  selection  of  Che  power  source.  The  laser (s) 
to  be  tested  are  those  chosen  during  Che  first  phase  of  this  work,  namely,  a 
Nd: glass  laser,  a  dye  laser,  and  a  metal  vapor  plasma  laser.  While  the  full 
range  of  laser  types  cannot  be  tested  under  the  present  Cask,  they  have  been 
considered  in  the  overall  design  of  Che  experiment  equipment.  In  selection 
of  the  plasma  discharge  configuration,  the  size  and  shape  of  Che  Nd: glass  rod 
was  considered,  along  with  Che  possibility  of  eventually  using  the  system 
for  a  dye  laser.  This  placed  a  very  small,  lower  limit  on  the  system  size. 


since  Nd: glass  lasers  are  only  a  fraction  of  a  centimeter  in  diameter  and  a 
few  centimeters  long  can  work  well.  Even  lower  limits  on  sizes  can  be  argued 
for  dye  lasers.  In  our  case,  however,  we  want  to  consider  scaling  to  high 
power  and  so  have  chosen  to  make  the  system  as  large  as  we  can  In  a  practical 
sense.  The  system  size  was,  therefore,  governed  more  by  funding  and  time 
limitations  than  by  nl^n^^lllllll  or  maximum  laser  size.  Our  selection  of  a  10 
kilojoule  capacitor  bank  was  also  based  on  the  plausibility  for  scaling  up 
from  our  configurations.  The  users'  applications  will  probably  require  ten 
to  fifty  fold  Increase  In  size  from  our  experiments,  and  consequently,  our 
work  will  be  a  basis  for  scaling. 

B.  Design  of  the  Plasma  Generator  Cell  (Plasma  Light  Source) 

In  designing  a  plasma  light  source  which  Is  a  Z  pinch,  coaxial  with 
the  laser,  a  number  of  physical  conditions  and  effects  must  be  considered: 

1.  Is  the  plasma  opaque,  translucent  or  transparent? 

2.  Is  energy  moving  Into  and  out  of  the  plasma  efficiently;  l.e., 
are  power  source  and  plasma  Impedance  matched,  and  Is  the 
radiation  being  emitted  In  the  right  band  with  Che  right 
Intensity  and  duration? 

3.  Is  the  plasma  radiation  efficiently  coupled  into  the  laser? 

Our  design  goal  Is  to  produce  plasma  which  has  a  characteristic  temperature 
in  Che  2-5  eV  band.  From  past  work,  e.g.,  Lee,  et  all  (1980  [8]  and  our  own 
work,  plasma  lon/electlon  density  for  this  temperature  will  probably  In  Che 
10**  /cc  -  10**  /cc  range.  Such  a  plasma  In  an  electric  discharge  should  provide 
major  radiation  stimulation  for  Che  non-lonlzed  residual  metal  vapor.  The 
design  for  Che  plasma  light  source  Is  based  on  the  simplest  possible  working 
concepts.  We  have  as  our  first  principle  chosen  to  balance  energy  input- 
output  requirements.  We  have  attempted  to  provide  matched  source-plasma 
electrical  Impedance  over  physically  plausible  ranges  of  power.  Impedance, 
voltage,  time,  etc.  We  have  deslgned-ln  certain  configuration  flexibility 
which  permits  us  to  change  electrical  source  impedance/power/voltage,  etc., 
over  wide  ranges.  We  have  provided  for  alternative  optical  configurations 
which  permit  diagnostics  of  the  plasma.  Insertions  of  a  laser  rod,  eg 
Nd:glass,  or  the  application  of  laser  optics  directly  to  the  plasma. 

The  design  of  the  plasma  generator  cell  follows  the  technique  of 
Roberts  [4]  In  his  use  of  a  multiple  conductor  return  path  for  a  coaxial 
discharge.  The  plasma  cell  (GFE)  also  permits  the  Inclusion  of  auxiliary 
"shells"  In  which  filter  material  and/or  fluorescent  material  may  be  placed 
to  alter  the  radiation  band  reaching  the  laser.  With  minor  modification, 
the  same  apparatus  can  be  made  Into  a  plasma  laser,  thus  providing  a  versa¬ 
tile  basic  piece  of  equipment  to  perform  a  series  of  experiments  on  plasmas 
as  radiation  pumps  for  driving  lasers. 


Figure  1  Is  a  photograph  of  the  plasma  generator  cell.  The  Insert 
sketch  shows  the  cross  section  of  the  cell  at  the  Indicated  location 
(Section  a-a) .  The  plasma  cell  consists  of  three  concentric  glass  tubes 
surrounded  by  an  array  of  eight  conductors.  The  length  of  the  discharge 


path,  which  Is  In  the  gap  between  the  outer  and  first  inner  glass  tubes,  is 
about  60  cm.  The  outer  glass  tube,  made  of  "Fyrex"  glass,  is  10  cm  diameter, 
and  the  first  inner  tube,  made  of  fused  silica,  is  3.8  cm.  The  second  inner 
cube,  also  of  fused  silica,  has  an  outer  diameter  of  2.5  and  an  inner  diameter 
of  2.2  cm.  The  eight  return  conductors  are  equally  spaced  around  a  circle 
15  cm  in  diameter  and  are  each  .95  cm  diameter. 

C.  Design  of  Che  Power  Supply 

A  number  of  electrical  pulse  forming  networks  were  considered  for 
Che  plasma  light  source.  The  one  which  was  selected  is  the  Blumlein  network. 

A  comparison  of  various  possible  sources  shows  why  Che  Blumlein  network  was 
chosen.  The  following  power  supplies  were  considered: 

1.  Thyratron  pulse  transformer:  This  is  a  standard  combination  for 
producing  long  trains  of  pulses.  The  thyratron  and  transformer  technologies 
are  mature  and  their  upper  limits  of  voltage  are  well  above  Che  50  kV  which 
we  believe  Co  be  sufficient.  The  waveform  has  an  inherent  "droop"  which  is 
generally  considered  to  be  a  disadvantage  but  in  our  case,  would  be  an 
advantage  in  limiting  Che  current  and  holding  the  gas  impedance  up  during 
Che  discharge.  This  system  does  have  Che  disadvantage  of  active  electronics, 
requiring  considerable  expense  ane  construction  costs  in  getting  a  system 
together,  tested  and  put  into  Che  laboratory.  Also,  the  upper  current  limit 
for  commercial  thyratrons  is  about  20  kAmps.,  which  is  about  half  of  the 
aaq>erage  we  will  eventually  need. 
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2.  Harz  bank:  This  standard,  passive  network  power  source  is  still 
a  possible  choice  for  some  work  requiring  a  rapid  voltage  rise  and  a  very 

high  voltage  on  the  load  (as  would  be  the  ease  for  high  pressure  gas  discharges) 
The  low  voltage  per  stage  is  a  distinct  advantage,  but  the  multiple,  simul¬ 
taneous  switching  is  difficult  to  time  end  certainly  is  a  problem  in  repeti¬ 
tively  pulsed  systems.  In  our  case,  where  single  discharge  of  the  power 
supply  is  the  mode  of  operation,  the  multiple  switches  can  be  left  to  run  in 
rapid  succession  snd  the  events  can  be  timed  from  them  instead  of  the  outer 
way  around.  Marx  banks  also  appear  to  have  no  sealing  limits. 

3.  The  simple  type  "E”  transmission  line  can  also  be  used  as  an 
energy  storage  and  transfer  system.  This  line  has  a  rapid  rise  in  voltage 
and  in  general  produces  a  single  square  pulse  when  properly  Impedance  matched. 

It  has  the  disadvantage  of  requiring  a  transfer  switch  and  the  resultant 
voltage  pulse  is  one  half  the  charge  voltage. 

4.  The  Blumleln  network  is  the  system  of  choice  for  our  application. 

The  waveform,  generally  perceived  as  a  disadvantage,  is  a  single,  almost- 
trlsngular  pulse.  The  network  switch  is  remote  from  the  "work"  or  "load", 
and  the  gradual  rise  is  an  advantage  in  our  case,  especially  where  the 
electrical  heating  and  evaporation  of  a  metal  film  on  the  inside  of  the  dis¬ 
charge  tube  is  to  be  used.  This  network,  when  loaded  at  its  characteristic 
impedance,  produces  full  charging  voltage  on  the  load. 

5.  Darlington  networks:  The  Blimleln  is  a  special  case  of  this  kind 
of  network  and  other  Darlington  networks  can  produce  higher  voltages  when 
properly  constructed.  However,  they  are  generally  "point  design"  networks 
and  we  need  .as  general  a  power  supply  as  can  be  tolerated  by  the  load,  due 

to  our  changing  experimental  conditions.  In  many  cases  this  network  cannot 
be  used  because  of  its  Inherent  slow  voltage  rise  time. 

Our  selection  of  the  Blumlein  network  is  based  on  the  perceived  need 
for  no  voltage  on  the  plasma  tube  until  the  exact  firing  time,  the  possible 
need  for  a  double  source  voltage  to  initiate  breakdown  of  the  gas  in  the 
plasma  cell,  and  the  plasma  cell's  tolerance  of  a  rather  slow  rise  time  for 
the  current  (ca.  1-2  microseconds) .  The  configuration  of  this  network  provides 
for  an  easy  change  to  the  type  E  line  but  would  require  some  re-engineering  to 
produce  a  lumped  capacitance  configuration  such  as  a  Marx  bank  or  the  circular 
configuration  as  used  in  some  thermonuclear  experiments.  Figure  2  is  a 
photograph  of  the  Blumlein  network  which  was  built  for  this  research.  The 
twelve  capacitor  Blumlein  network  is  the  power  supply  for  the  plasma  generator 
cell.  The  plasma  cell,  out  of  the  photo  to  the  right,  is  connected  to  the 
cases  of  each  row  of  condensors.  The  spark  gap  at  the  lower  left  "inverts" 
the  front  row  of  capacitors  thereby  placing  a  voltage  on  the  plasma  generator 
cell.  The  coll  at  upper  left  is  a  conduction  path  to  restore  the  potentials 
of  the  front  row  of  capacitors  to  ground  after  the  discharge  occurs. 

V.  SYSTEM  MODELLING 

A.  Calculations  of  Plasms  Cell  Characteristics 

The  general  power  requirement  and  the  GFE  plasma  cell  were  the 
starting  points  for  the  design.  As  discussed  in  our  report  on  task  0001,  we 


Figure  2 .  Blualeln  network 


plan  to  eventually  generate  a  plaaaa  from  an  evaporated  metal  film  which  will 
Initially  exist  as  a  coating  on  the  Inside  of  the  plasma  discharge  tube. 

Then,  after  evaporation  by  the  electric  current,  the  metal  vapor  will  be 
electrically  heated  to  the  plasma  state.  The  properties  of  the  Initial  film 
and  the  energy  budget  for  Its  conversion  to  a  radiating  plasma  were  described 
In  the  previous  report.  Uork  In  this  task  was  directed  towards  detailed 
design  assembly  and  testing  of  the  system. 

A  primary  consideration  was  the  electrical  characterization  of  the  plasma 
discharge  tube.  In  order  to  calculate  the  lBq>edance  of  this  tube  we  must 
consider  the  capacitance  and  Inductance  of  the  tube  when  the  discharge  Is 
under  way.  This  means  that  a  varying  dlsmeter  must  be  assigned  to  the  plasma 
column  as  It  progresses  from  the  Inside  of  the  outer  tube  to  the  outside  of  the 
Intermediate  tube.  Both  the  Inductance  and  the  capacitance  of  the  plasma 
discharge  tube  will  change  during  the  discharge  as  a  result  of  this.  The 
changing  Induction  and  capacitance  along  with  the  discharge  resistance,  will 
create  a  changing  load  Impedance.  Our  basic  formulae  for  this  type  coaxial 
system  were  obtained  from  Glider  (Reference  10)  and  Grover  (Reference  11)  and 
the  Rational  Bureau  of  Standards  (Reference  12)  and  were  Incorporated  Into 
our  computer  routines. 

The  calculation  of  the  resistance  of  the  plasma  discharge  "ab  Initio”  Is 
beyond  the  scope  of  our  effort.  However,  with  the  use  of  data  obtained  from 
similar  discharges,  we  can  estimate  the  resistive  component  of  the  total 
reactance  of  the  discharge.  This,  along  with  the  calculated  Inductance  and 
capacitance,  will  give  a  reasonable  value  for  the  total  Impedance  of  the 
plasma  discharge.  We  used  the  data  from  References  13  and  14  as  the  basis 
for  estimating  the  free  electron  density  and  mobility  In  the  plasma  and 
assumed  that  we  would  meet  our  goal  of  having  a  2  eV  plasma. 

The  plasma  cell  was  modelled  using  formulae  from  References  10,  11,  and  12. 
We  obtained  both  the  Inductance  and  capacitance  and  thus  the  characteristic 
Impedance  of  the  plasma  cell.  A  refinement  of  the  progrsm  using  these  formu¬ 
lae  made  It  possible  to  calculate  the  changing  Impedance  of  the  discharge  as 
the  plasma  pinched  during  the  discharge.  The  Inductance,  capacitance  and 
resultant  Impedance  of  the  plasma  and  return  conductors  are  shown  In  Table  1. 
Figure  3  shows  the  variation  of  the  cell  Impedance  as  a  function  of  plasma 
diameter.  The  part  of  the  Impedance  due  to  reactive  components  Increases 
with  time  due  to  the  collapse  of  the  central  current  conductor,  as  would  be 
the  case  for  a  plasma  pinch  discharge.  We  also  know  from  previous  experience 
that  the  resistive  component  of  reactance  drops  markedly  due  to  the  kinetics 
of  discharge  Initiation  In  a  gas. 

The  Inductance,  capacitance  and  reactive  Impedance  of  the  plasma  generator 
cell  which  Is  an  array  of  parallel  wires  on  the  surface  of  a  right  circular 
cylinder  with  a  hollow  return  conductor  in  the  center  which  has  the  following 
properties:  wire  diameter  Is  .95  cm.;  there  are  8  wires;  the  cylinder  radius 
Is  7.5  cm.;  the  center  conductor's  outer  dlsmeter  Is  10  cm  and  Its  thickness 
is  .5  cm;  the  length  of  the  array  Is  60  cm. 


10 


TABLE  1.  Inductance  Capacitance  and  Reactive  Impedance  of  the 
Plaaaa  Generator  Cell. 


CORE  RAO. 

IMDOC. 

CAPACIT. 

I 

cm 

U  hya 

p  fds. 

o 

2.5 

.153 

7.13E-05 

4 

2.4 

.159 

7.03E-05 

4 

2.3 

.164 

6.94E-05 

4 

2.2 

.17 

6.84E-05 

4 

2.1 

.176 

6.75E-05 

5 

2 

.182 

6.65E-05 

5 

1.9 

.189 

6.55E-05 

5 

1.8 

.196 

6.46E-05 

5 

1.7 

.203 

6.36E-05 

5 

1.6 

.211 

6.26E-05 

5 

Figure  3 .  Calculated  Impedance  of  plasma  cell  as  the  core 
collapees  (z  pinch)  from  Inside  of  outer  wall  to 
outside  of  Intermediate  wall.  (See  Table  1). 


B.  Power  Supply  Modelling 

The  next  consideration  was  the  modelling  of  the  power  supply  network. 

The  large  capacitance  required  for  the  energy  storage  means  that  the  inter¬ 
connecting  Inductances  must  be  small  to  produce  the  discharge  in  the  desired 
time.  For  exaisple,  if  each  of  the  twelve  capacitors  is  considered  as  an  in¬ 
dependent  element  in  a  lumped  transmission  line,  then  the  time  constant  for 
that  capacitor  and  its  associated  Inductance  should  be  1/12  of  10  microseconds, 
or  0.85  microseconds.  The  internal  inductance  of  each  capacitor  is  40  nano¬ 
henries  and,  since  the  total  inductance  in  microhenries  for  the  element  is 
H(tot.)*(0.85)^/F  where  F  is  the  capacitance  in  microfarads,  then  the  external 
Inductance  is  0.99  odcrohenries.  From  our  table  of  straight  wire  inductances, 
we  find  that  103  cm  of  straight  tubing,  1.6  cm  diameter  (5/8"),  will  produce 
the  desired  inductance.  The  characteristic  impedance  of  such  a  line  is 
1.18  ohms.  In  fact,  the  inter-connecting  conductors  can  be  as  short  as  20  cm 
to  bridge  the  gap  from  one  condenser  terminal  to  the  next,  so  that  real 
Inductance  of  the  high  voltage  connections  can  average  .2  microhenries  per 
section,  producing  a  time  constant  of  .37  microseconds  per  section,  or  a 
total  of  4.5  microseconds  for  the  whole  pulse.  The  characteristic  Impedance 
in  this  case  la  .535  ohms  for  a  simple  type  E  transmission  line.  For  a  Blumlein 
network  using  the  same  capacitors  and  Inductors,  the  Impedance  is  1.07  ohms. 

The  discharge  characteristics  of  the  Blumlein  under  various  loads  and 
using  various  basic  assumptions  were  analyzed  computationally  using  a  lumped 
line  Transient  Circuit  Analysis  (TCA)  computer  program.  This  program,  written 
in  BASIC,  has  been  developed  from  a  previously  existing  core  program.  The 
program  is  constructed  on  the  nodal  circuit  analysis  principle  and  is  limited 
only  by  the  capabilities  of  the  computer  being  used.  We  have  successfully 
used  the  program  in  a  25  element  array.  Several  configuration  assximptions 
were  tried  starting  with  the  classical  "pi"  and  "T”  filter  elements  and  pro¬ 
gressing  to  Include  the  internal  inductance  of  the  capacitors  and  the  induc¬ 
tance  of  the  ground  line  segments  between  capacitors.  We  found,  in  general, 
that  the  internal  inductance  of  a  capacitor  can  be  lumped  with  the  external 
Inductance  with  minor  effect,  so  long  as  the  external  inductance  is  several 
times  larger  than  the  internal  inductance.  The  most  profound  effect  of  model 
complexity  is  in  the  Inclusion  of  the  internal  Inductance  in  the  model  when 
internal  and  external  Inductances  are  close  to  the  same  value.  The  inclusion 
of  external  return-wire  Inductance  is  also  discernible.  This  is  a  peculiarity 
of  our  system,  since  the  external  inductances  are  also  straight  connections 
between  capacitors,  and  thus,  they,  the  internal  inductances  and  the  return 
lines  have  similar  values  of  inductsnees.  Only  by  Inclusion  of  the  internal 
Inductance  and  ground  return  line  inductances  were  we  able  to  accurately 
model  the  currents  and  voltages  at  the  load  and  the  shorting  gap.  Figure  4a 
through  4f  show  the  effects  of  the  changes  in  mode.  Figure  4a  shows  a 
conventional  model  using  only  external  inductance  in  a  6  element  type  E 
lumped  transmission  line.  Figure  4b  shows  the  same  as  Figure  4a  except  20Z 
(.04  microhenries)  of  the  inductance  is  internal.  Figure  4c  is  the  same  as 
Figure  4a  except  the  Inductance  is  partially  in  the  return  circuit.  Induc¬ 
tance  was  0.7  microfarads  in  all  cases.  Here  we  have  used  only  a  6  capacitor 
array  in  our  model  to  demonstrate  the  effects,  while  limiting  computer  run 
time. 
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Results  of  a  ■odelllnK  Bensltlvlty  anal^ 


Figure  A .  (Concluded) 


A  short  computational  analysis  was  also  done  to  show  the  effects  of 
unmatched  Impedances  on  the  response  of  a  Blumleln  network  which  represents. 

In  part,  the  network  which  has  been  built  for  this  project.  The  hypothesized 
Blu^eln  network  has  only  six  sections  for  speed  of  computation  and  has  the 
Internal  Inductance  Included.  In  the  analysis  we  used  six  .7  microfarad 
capacitors  which  gives  half  the  total  capacitance  of  the  experiment.  Also, 
we  have  adjusted  the  Inductances  to  produce  approximately  the  same  time 
constant  per  section  for  the  hypothesized  system  as  we  have  In  the  real  system 
The  net  result  Is  that  each  of  the  external  Inductors  Is  .16  microhenries  and 
the  Internal  Inductance  In  each  capacitor  Is  .04  microhenries  except  the  one 
which  represents  the  Inter-connectlon  between  the  two  sections  of  the  network; 
It  Is  .9  microhenries.  The  plasma  cell  Is  modelled  as  a  fixed  resistor.  By 
computing  the  system  response  to  various  values  of  the  load,  we  can  have  a 
record  of  the  appearance  of  the  responses  to  compare  to  those  obtained  from 
the  experiment.  The  general  discharge  characteristics  of  networks  are  well 
documented;  nevertheless,  the  data  obtained  from  this  analysis  has  provided 
a  valuable  aid  In  on'-llne  analysis  of  the  overall  system  performance. 

The  characteristic  Impedance  of  a  perfect  Blumleln  network  using 
our  set-up  Is: 

Z  -  2  X  (L/C)^  -  2  X  (.2E-6/.7E-6)’*  -  1.07  ohms  (2) 

We  have  calculated  five  cases  using  our  short  model  for  various  load  resis¬ 
tances:  (1)  R  •  10.7  ohms,  a  very  high  resistance,  ten  times  Z,  (2)  R  - 
2.14  ohms,  a  resistance  twice  Z,  (3)  R  *  1.02  ohms,  the  exact  of  Impedance 
match  case,  (4)  R  «  .53  ohms,  a  resistance  one  half  of  Z;  and  (5)  R  ■  0.107 
ohms,  a  resistance  one  tenth  of  Z.  Figure  5  is  a  plot  of  the  peak  voltage 
and  fraction  of  energy  In  the  first  pulse  vs  the  normalized  load  R/2.  The 
five  cases  are  easily  distinguished.  Figure  6a  through  6e  show  the  system 
responses  to  these  loads.  The  appearance  of  the  output  voltage  on  a. pulse 
discharged  Blumleln  network  for  loads  equal  to  or  less  than  the  character¬ 
istic  Impedance.  (Note  that  there  are  major  amplitude  changes  and  wave  form 
changes  as  the  load  changes.)  Figure  6c  shows  the  exact  match  case.  In 
which  the  single  triangular  pulse  carries  94Z  of  the  energy  to  the  load  and 
has  a  peak  voltage  equal  to  the  charging  voltage.  The  remaining  small 
oscillations  eventually  carry  the  remaining  energy  to  the  load.  Figure  6b 
shows  the  same  system  with  a  load  twice  the  characteristic  impedance,  Z. 

Here,  the  Initial  pulse  has  a  peak  voltage  near  one  and  a  half  times  the 
charge  voltage,  and  the  second  pulse  Is  about  half  the  amplitude  of  the 
first  and  has  the  same  polarity  as  the  first.  An  extreme  case  of  high  load 
resistance  Is  shown  In  Figure  6a  where  R  -  10.7  ohms  ■  10  x  Z.  Here  the 
situation  of  Figure  6b  Is  exaggerated  with  the  Initial  pulse  being  almost 
twice  the  charge  voltage,  and  the  series  of  pulses  following  are  gradually 
declining  In  amplitude  and  are  the  same  polarity  as  the  Initial  pulse.  The 
cases  of  load  Impedance  lower  than  Z  are  shown  In  Figures  6c  and  6d.  In 
Figure  6c  the  load  Is  one  half  of  Z  and  the  first  pulse  amplitude  Is  about 
three  fourths  of  the  charge  voltage.  The  second  pulse  has  half  the  amplitude 
of  the  first  and  Is  opposite  polarity.  The  succeeding  pulses  alternate 
polarity.  The  case  of  a  very  low  load  resistance  Is  shown  In  Figure  6d, 
where  R  ■  0.1-7  ohms  ■  0.1  x  Z.  Here,  the  Initial  pulse  amplitude  Is  low, 
the  second  pulse  Is  of  opposite  polarity  to  the  first,  succeeding  pulses 
alternate  polarity,  and  a  great  deal  of  "structure"  appears  in  the  pulses. 


Thus,  each  category  of  load  resistance  Is  clearly  marked  by  its  own  peculiar 
Itles  and  Is  easily  distinguished  on  the  trace  of  a  storage  oscilloscope. 


Figure  5.  The  fraction  of  total  energy  In  the  capacitors  In  the  Blumleln 
network  which  Is  deposited  In  the  load  during  the  first  pulse 
as  a  function  of  load  ratio.  R/Z  (solid  line)  and  the  pe^ 
voltage. 
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a.  b. 

Figure  6 .  A  display  of  computed  voltage  wave  amplitude  and  shape  on  a 

load  10*Z  and  2*Z  In  a  oulsed  discharge  of  a  Blumleln  network. 


(Concluded) 


Th«  oscilloscope  trsce  of  Figure  7  shows  s  typical  response  to  a  load 
less  than  Z.  Here,  it  appears  that  the  load  is  less  than  one  half  of  Z  and 
greater  than  one  tenth  of  Z.  Other  factors  coaplicate  the  picture  for  real 
cases:  The  Inductance  and  capacitance  of  the  plasma  cell  change  somewhat 
during  the  discharge  and  the  resistance  of  the  discharge  changes  radically 
during  the  initial  breakdown  and  In  general  will  continue  to  decline  during 
the  current  build-up.  A  more  detailed  modelling  would  Include  these  effects 
but  would  require  very  long  computation  time,  and  the  results  would  not 
reveal  additional  useful  information.  The  full  Blumleln  system  was  modelled 
from  components  as  shown  in  Figure  8,  and  the  calculated  voltages  and  currents 
at  the  load  are  shown  In  Figure  9.  Here  the  load  Is  modelled  as  an  inductance 
.18  microhenries.  In  aeries  with  the  fixed  resistance  and  this  combination  is 
parallel  with  a  70  picofarad  capacitor.  This  model  still  could  be  improved 
by  Inclusions  of  a  variable  load  derived  from  the  measured  discharge  impedance 


Figure  7 .  Voltage  on  the  plasma  cell  with  a  300  torr  charge  of  Argon. 


Note:  The  Blumleln  network  was  charged  to  26  kV.  This  trace 
lies  somewhere  between  those  of  Figure  6d  and  6e  showing  a 
load  Impedance  In  the  range  of  .5Z  to  .IZ. 
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Figure  8 .  The  Bltaaleln  network  and  load  are  modelled  from  the  above 

circuit  sub-sets.  NOTE:  There  are  6  each  of  subset  A  In  each 
half  of  the  Blumleln  network  except  that  the  .9yH  Inductor  B, 
replaces  the  .16uH  Inductor  In  element  #6  of  the  flrst-4nl£-of 
the  network.  '  The  load,  C.,  Is  located  between  the  common  terminals 
of  the  two  halves  of  the  network. 


a. 
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b. 


Figure  9 .  The  full  model  of  the  Blumleln  network  with  the  complex 

Impedance  load.  NOTE:  (a)  the  "first  pulse"  for  the  condition  of 
matched  Impedance  R  ■  Z  and  (b)  for  R  <<  Z.  The  sollf  lines  are 
current  and  the  broken  lines  with  "+"  are  voltage.  Figure  9. a. 
would  look  much  like  6c  If  continued  to  30  or  40  microseconds.  The 
phase  shift  between  V  and  1  for  the  complex  reactance  can  clearly 
be  seen  above. 
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VI.  mSTRUMENTAnON 

In  order  to  properly  analyze  the  operation  of  the  plasma  discharge 
system.  It  was  determined  that  voltages  and  currents  across  the  plasma  dis¬ 
charge  load  were  desirable,  and  chat  some  measure  of  total  radiated  output, 
radiative  output  as  a  function  of  time,  and  some  measurement  of  Che  spectral 
distribution  of  the  radiative  output  as  a  function  of  time  were  necessary. 

To  measure  the  output  voltage  as  a  function  of  time  a  P6015  Tektronix 
high  voltage  probe  was  used.  This  probe  may  be  fed  directly  Into  an 
oscilloscope  -  In  this  case  a  Tektronix  7834  Storage  Oscilloscope  -  and  If 
adjusted  properly  has  a  relatively  accurate  frequency  response.  However, 
this  may  only  be  used  with  Che  cable  length  supplied  with  Che  probe.  Because 
of  Che  large  Impedance  of  the  probe,  adding  additional  cable  In  order  to 
remove  Che  oscilloscope  from  the  electromagnetic  radiation  generated  by  the 
spark  gap  switch  and/or  the  discharge  severely  limits  the  frequency  response 
and  consequently  distorts  Che  voltage  signal  significantly.  To  overcome  this, 
an  Impedance  matching  circuit  was  designed  to  match  the  100  megohm  probe 
Impedance  Co  Che  50  ohm  line.  Figure  10  Is  a  schematic  of  the  Impedance¬ 
matching  circuit. 

Current  was  measured  by  a  commercial  coll  sold  by  Pearson  which  Is 
placed  around  a  current-carrying  conductor  and  yields  an  output  of  .1  volts 
per  ampere  of  current  across  an  open  circuit.  The  size  coll  used  was  limited 
to  measuring  a  current  of  about  5000  amperes.  In  order  to  obtain  a  display 
of  Che  current  of  an  amplitude  amenable  to  the  oscilloscope  screen,  a  100:1 
resistive  voltage  divider  was  constructed  to  attenuate  the  voltage  generated 
by  Che  current. 

The  total  energy  radiated  In  the  spectral  band  defined  by  the  trans¬ 
mission  of  Pyrex  7740  glass  and  the  atmosphere  was  sampled  by  a  Sclentech 
36-0001  Thermopile  head  and  a  365  Digital  readout  meter.  The  transmission 
of  the  Pyrex  tube,  Che  outer  Cube  of  Che  annular  discharge.  Is  shown  In 
Figure  11.  The  response  of  Che  Sclentech  thermopile  as  a  function  of  wave¬ 
length  Is  flat  through  Che  part  of  the  spectrum  In  which  a  very  large  per¬ 
centage  of  the  radiated  energy  Is  located.  A  molecCron  joulemeCer  with  a 
similar  flat  spectral  response  was  also  obtained.  It  can  measure  energy  In 
pulses  by  Integration,  producing  a  voltage  proportional  to  Che  pulse  energy. 

A  rather  crude  estimate  of  the  factor  by  which  the  thermopile  or  joulemeter 
reading  must  be  multiplied  to  give  the  energy  radiated  by  the  plasmas  through 
Che  Pyrex  tube  for  Che  particular  geometry  used  Is  15,000. 

Detection  devices  having  EG&G  SGD  lOOA  and  UV  100  BQ  photodiodes  were 
used  Co  obtain  Che  time  history  of  the  radiation  In  the  spectral  regions 
where  they  are  sensitive.  Spectral  response  curves  of  the  photodiodes  are 
shown  In  Figure  12.  Total  radiation  In  their  acceptance  bands  was  obtained 
by  using  Che  photodiodes  unflltered  and  without  focusing  optics  which  could 
have  affected  Che  spectral  band  falling  on  the  detectors. 

A  set  of  five  filters  distributed  across  the  visible  region  of  the 
spectrum  was  procured  In  order  to  obtain  the  relative  radiative  Intensity 
In  the  corresponding  portion  of  the  spectrum.  These  filters  pass  bands  are 
plotted  In  Figure  13.  In  principle,  by  measuring  Che  radiation  In  each  of 
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circuit  for  Tektronix  P6015  High  Voltage  Probe 
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these  filter  pees  bends  end  making  corrections  for  total  radiative  energy 
emitted,  filter  transmission  percentage,  filter  spectral  band  width,  and 
relative  detector  response  curves,  the  resulting  data  may  be  compared  to  the 
ratios  of  the  radiation  In  the  various  filter  pass  bands  from  blackbody 
curves  of  varying  temperature,  and  an  equivalent  blackbody  -  or  gray  body  - 
tesqierature  obtained.  The  Integrity  of  these  results  depend,  of  course,  on 
how  closely  the  radiation  of  the  plasma  approximates  a  blackbody,  and  how 
much  of  the  radiative  content  Is  spectral  line  or  band  radiation. 

One  of  the  SGD  lOOA  photodiodes  was  mounted  in  an  EGfG  Llte-Mlke  having 
a  collecting  lens,  a  bias  circuit,  and  various  sensitivity  switches  having 
different  load  resistors  for  measuring  Instantaneous  power  versus  time.  It 
also  was  equipped  with  a  aeries  of  Integration  circuits  for  measuring  energy 
with  various  levels  of  sensitivity.  The  other  photodiodes  were  mounted  In 
cylindrical  holders  with  provision  for  removable  collecting  lenses  and  filters. 
A  series  of  filter  holders  for  the  bandpass  filters  was  constructed  for  all 
the  radiation  gathering  Instruments. 

For  design,  checkout,  and  rough  calibration  purposes  a  light  chopper 
was  constructed  using  a  3000  rpm  alternating  current  motor  and  a  chopper  disk 
with  12,  .5  Inch  diameter  holes  equally  spaced  around  the  periphery.  The 
chopper  was  used  to  modulate  the  output  from  a  Dolan-Jenner  Model  170-D  high 
Intensity  light  source  which  has  a  halogen  quartz  lamp  operated  at  a  color 
temperature  of  about  3200*K.  This  produces  a  repetitive  signal  for  the 
detectors  which.  In  all  the  detectors  other  than  the  Sclentech  thermopile, 
may  be  displayed  on  an  oscilloscope. 

The  signal  generated  by  the  chopper  was  found  not  to  be  useful  for  looking 
at  detection  system  time  constants  because  of  the  rather  slow  pulse  rise  time 
Involved  In  the  geometry  of  the  light  source-chopper  arrangement. 

In  order  to  provide  a  signal  suitable  for  observing  rise  time,  a  circuit 
was  designed  using  an  operational  amplifier  to  drive  a  light  emitting  diode 
(LED) .  A  schematic  of  this  circuit  Is  shown  In  Figure  14  and  an  oscilloscope 
trace  of  the  pulse  form  Is  shown  In  Figure  15.  The  device  was  adjustable  In 
both  pulse  repetition  frequency  and  light  Intensity. 

Frequency  response  was  observed  by  displaying  the  LED  driving  signal  on 
the  oscilloscope  along  with  the  detector  output.  Comparing  the  shape  of  the 
detector  output  trace  with  the  driving  signal  gave  a  measure  of  frequency 
response.  Adjusting  the  detector  bias  voltage  and  load  resistor  until  the 
pulse  shapes  were  virtually  Identical  meant  that  the  detector  frequency 
response  was  adequate  for  the  purpose  of  this  experiment.  Although  the  LED 
driver  pulse  was  trapezoidal  Instead  of  square,  the  sharp  comers  at  the  top 
of  the  rise  ane  beginning  of  the  fall  gave  a  good  measure  of  frequency  response. 
Figure  16  shows  oscilloscope  traces  of  a  detector  signal  with  and  without 
good  frequency  response  compared  to  the  signal  of  the  driver  circuit. 
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VII.  EXPERIMENTAL  RESULTS 


A  number  of  firings  of  the  capacitor  bank  in  the  Blumleln  circuit 
configuration  were  conducted  for  Instrumentation  checkout  purposes.  These 
were  at  charge  voltages  ranging  from  very  low  -  below  1000  volts  -  to  voltages 
up  to  about  25  kilovolts.  Since  the  capacitors  are  rated  at  50,000  volts, 
these  higher  voltage  firings  represented  stored  energies  up  to  25X  of  the 

capability  of  the  bank.  Many  of  these  firings  were  to  check  out  the 
instrumentation  and  the  shape  of  the  voltage  and  current  pulses.  A  number 
of  shots  were  made  using  a  primarily  resistive  load  with  as  low  an  Inductance 
as  possible.  Much  of  the  instrument  checkout  work  was  donw  with  the  instru¬ 
ments  reading  near  or  directed  toward  the  spark  gap.  Firing  voltages  were 
varied  by  changing  the  spark  gap  spacing.  The  current  measuring  loop  was 
placed  around  one  of  the  mounting  posts  for  the  spark  gap  electrodes,  the 
high  voltage  probe  was  placed  at  one  of  the  gap  electrodes  and  grounded  at 
various  points  in  the  circuit,  and  a  detector  using  one  of  the  photodiodes 
was  directed  to  the  space  between  the  electrodes. 

This  arrangement  allowed  for  comparison  of  the  light  output  from  the 
spark  with  the  current  and  voltage  reading.  The  light  output  was  found  to 
follow  the  current  pulse  shape  very  closely,  with  due  allowance  for  the  fact 
that  the  light  output  is  always  positive,  whereas  the  current  is  both  positive 
and  negative.  Figure  17  is  an  oscilloscope  trace  of  the  light  and  current 
outputs  at  the  spark  gap. 

The  set  of  bandpass  filters  whose  transmission  curves  are  shown  in 
Figure  13  were -also  used  in  combination  with  the  photodiode  detection  system 
to  see  if  a  blackbody  temperature  for  the  spark  gap  could  be  obtained.  The 
output  of  the  shortest  wavelength  filter  appeared  to  be  anomalously  large  in 
these  tests,  as  it  may  have  been  in  subsequent  tests  on  the  plasma  tube. 


Figure  17.  Lite  Mike  output  (solid  line)  and  current  coil 

output  (dashed  line)  as  functions  of  time,  taken 
at  the  spark  gap. 


To  see  If  the  filter  was  passing  radiation  In  the  Infrared,  It  was  used  In 
combination  with  Schott  KGl  and  KG3  heat  blocking  filters.  Transmission 
curves  of  these  filters  are  depicted  In  Figure  18.  These  tests  Indicated 
that  some  Infrared  was  being  transmitted  through  the  filter,  but  only  enough 
to  change  the  reading  6  or  7Z,  irtilch  irould  not  account  for  the  output  seen. 

If  the  spark  gap  were  a  blackbody  source.  Unless  there  Is  slgnlflcsnt  line 
radiation  In  this  filter's  passband.  Its  larger  readings  are  not  yet  explained 

When  testa  were  done  discharging  the  bank  into  the  tube  containing  a 
gas,  the  current  loop  was  placed  around  one  of  the  return  rods  on  the  outside 
of  the  plasM  tube,  and  a  voltage  divider  was  attached  across  the  high  voltage 
Input  and  ground. 

Radiation  as  a  function  of  time  from  the  plasma  was  observed  with  a 
photodiode  Instrument  and  the  various  filters  and  an  Integrated  energy 
measurement  was  made  with  the  Sclentech  L  axmoplle.  The  photodiode  was 
used  with  the  filters  to  try  and  obtain  estimates  of  color  temperature. 

Figure  19  Is  a  representative  oscilloscope  trace  from  the  photodiode  seen 
with  the  blue  filter  in  place.  The  detection  reading  on  the  oscilloscope, 
observing  the  plasma  tube  from  the  outside,  is  related  to  the  radiation  from 
the  source  In  the  following  manner: 

Rd  •  »S(^)  G(As.  Ad.  f,  Gs,  d,  6)  Tf(X)  Dr(X,0)  (3) 

where  Rg  Is  reading  of  the  detector,  X  Is  the  wavelength  of  radiation, 

Rg(X)  Is  the  source  radiation,  wd  Tp(X)  is  the  transmission  of  the  Pyrex 
outer  tube  of  the  discharge  chamber.  G  Is  a  geometric  factor  depending  on 
the  source  size  (Ag)  and  geometry  (Gg),  the  detector  area  (A^)  and  field  of 
view  (f) ,  and  the  distance  (d)  and  angle  (6)  from  the  source  to  the  detector; 
T£  Is  the  filter  transmission  and  Dp  Is  the  detector  response,  a  function  of 
the  wavelength  and  detector  optical  system  (0) .  In  measurements  to  obtain  a 
color  temperature,  the  geometry  factor  was  held  constant  and  the  transmission 
of  the  discharge  outer  wall  was  considered  a  constant.  The  detector  outputs 
were  corrected  for  the  filter  transmission  and  detector  response,  and  the 
reading  of  the  total  energy  from  the  thermopile  was  used  to  normalize  for 
shot-to-shot  variation,  as  long  as  the  variation  was  small  enough  not  to 
seriously  affect  the  color  temperature. 

The  energy  measurement  from  the  Sclentech  thermopile  was  not  corrected 
for  detector  response,  as  It  Is  flat  through  the  region  of  the  spectrum 
being  observed.  There  were  no  optics  in  the  system  and  the  filters  were  not 
used,  so  only  the  geometric  factors  were  Involved.  These  were  held  constant 
throughout  the  experiments  and,  as  mentioned  earlier,  a  single  number  re¬ 
presenting  the  geometric  factor  was  used  to  estimate  total  radiant  energy 
transmitted  through  the  Pyrex  outer  wall.  The  fraction  of  the  total  energy 
that  Is  transmitted  through  the  Pyrex  Is  dependent  on  the  temperature  for 
blackbody  radiation,  dropping  sharply  as  the  color  temperature  Increases  to 
high  levels.  These  ratios  have  been  computed  for  the  range  of  5000’R  to 
50,000*K  and  are  listed  In  Table  3.  This  table  Is  derived  from  a  calculation 
of  the  ratio  of 


Figure  18.  Transmission  as  a  function  of  wavelength  for  Schott  KG  1  (tO] 
and  KG  3  (bottom)  heat  blocking  filters. 


where  Aj,  and  A-  are  the  abort  and  long  wavelength  cutoff  freguencies  of  th 
Pyru  tujye,  o  la  the  Stefan-Boltzaann  conatant  (>.567  x  10~^^  Joulea  sec~^ 
cm"  and  T  la  the  tcoperaturc  In  *K. 

TABLE  3.  Fraction  of  Blackbody  Radiation  Tranaaltted  by  Pyrex  at  Various 
Teaiperatures. 


5000 

3.6  X  10^ 

.72 

10000 

5.7  X  10^ 

.48 

20000 

9.2  X  10^ 

.15 

30000 

4,6  X  10® 

.06 

40000 

1.4  X  10^ 

.03 

50000 

3.4  X  10^ 

.02 

A  series  of  shots  were  made  at  fill  pressure  of  100  torr  and  300  torr 
argon.  Tables  4  and  5  list  readings  of  total  energy  based  on  the  Sclentech 
thermopile,  along  with  the  firing  voltage  estimated  from  the  current  and 
voltage  readings  on  the  power  supply. 


TABLE  4.  Plasma  Radiation  Energy  from  100  Torr  Argon  Transmitted  Through 
Pyrex  From  Thermopile  Total  Energy  Measurements. 


Firing  Voltage 
(kilovolts) 

Thermopile  Reading 
(Joules  X  10^) 

Estimated  Source 
Energy  Transmitted 
(Joules) 

15.3 

1.07 

16 

15.5 

1.10 

16 

15.7 

1.12 

17 

15.2 

1.03 

15 

14.7 

1.00 

15 

15.5 

1.06 

16 

14.5 

.89 

13 

14.6 

.87 

13 

TABLE  S.  Plasma  Radiation  Energy  From  300  Torr  Argon  Transmitted  Through 
Pyrex  From  Thermopile  Total  Energy  Measurements. 


Firing  Voltage 
(kilovolts) 

Thermopile  Reading 
(Joules  X  10^) 

Estimated  Source 
Energy  Transmitted 
(joules) 

21.5 

2.60 

39 

18.6 

1.91 

29 

19.0 

1.97 

30 

18.1 

1.77 

27 

17.9 

1.68 

25 

20.7 

2.17 

33 

18.9 

1.93 

29 

To  obtain  the  total  energy  radiated  by  the  plasma,  it  Is  necessary  to 
multiply  these  transmitted  energy  values  by  the  Inverse  of  the  proper  ratios 
listed  In  Table  3  for  the  plasma  color  temperature.  As  may  be  noted  from 
this  table,  this  factor  may  be  as  large  as  SO  for  a  temperature  of  S0,000’*K. 

The  relationship  of  the  Pyrex  transmission  band  to  the  blackbody  curve 
Is  Illustrated  for  two  temperatures  in  Figure  20. 

Data  were  taken  using  the  photodiode  detector  with  the  filter  set  for 
plasma  tube  fillings  of  50,  100,  and  300  torr  argon.  Firing  voltage  and 
total  energy  readings  were  approximately  the  same  for  the  50  and  100  torr 
runs,  but  the  voltage  was  higher  and  the  energy  about  twice  as  much  for  the 
300  torr  shots.  The  raw  readings  were  reduced  as  described  above  and  are 
plotted  In  Figure  21.  Attempts  were  made  to  fit  these  points  to  various 
blackbody  temperature  curves  without  complete  success.  However,  assuming  a 
blackbody  distribution.  It  may  be  Inferred  from  the  trend  of  the  data  that 
the  peak  of  the  curve  Is  at  a  wavelength  shorter  than  that  In  the  pass  band 
of  the  blue  filter.  Indicated  a  temperature  of  >7000‘K,  and  perhaps  much 
higher  than  10,000‘K.  To  obtain  this  temperature  more  accurately  by  this 
method  requires  additional  filters  at  shorter  wavelengths. 

VIII.  LIGHT  EMISSION  AS  RELATED  TO  PLASMA  PROPERTIES 

The  light  emission  has  been  described  In  the  section  on  experimental 
results.  We  will  now  attempt  to  relate  the  emission  of  the  fastest  of  the 
bands,  the  blue  band,  to  the  plasma  properties,  both  electrical  and  hydro-- 
dynamic.  Figure  22  Is  a  photograph  of  the  scope  trace  for  the  plasma  cell 
for  voltage  and  temporal  light  response.  The  light  emission  starts  after 
the  first  pulse  of  energy  ('^SOZ)  has  been  absorbed  In  the  plasma,  three 
microseconds  after  the  start  of  discharge.  The  light  output  timing  and 
pulse  shape  Indicate  that  It  Is  not  coupled  directly  to  the  power  input. 

This  contrasts  markedly  from  the  similar  measurements  of  the  light  output 
at  the  spark  gap  on  the  Blumlein  network  which  exactly  follows  the  current 
pulse  In  time  and  amplitude.  Figure  17  shows  the  Lite  Mike  output  and 
voltage  output  as  functions  of  time.  This  may  be  compared  to  the  current 
and  light  output  shown  In  Figure  22  for  the  plasma  cell.  We  use  this  lack 
of  correlation  to  support  our  hypothesis  that  the  light  seen  by  the  Lite 
Mike  plus  the  blue  filter  Is  not  directly  generated  by  the  electric  discharge 

The  second  possible  source  of  the  radiation  Is  the  plasma  shock  wave 
generated  by  the  collapse  of  the  discharge  onto  the  Intermediate  tube  In 
the  plasma  cell.  For  the  plasma,  which  Is  generated  In  the  current  sheath 
on  the  Inside  of  the  outer  wall  of  the  plasma  cell,  to  collapse  the  magnetic 
pressure  of  the  current  must  exceed  the  combined  gas  and  plasma  pressure 
Inside  the  sheath.  The  relation  Is  shown  in  Equation  5  below: 

P(gas)  +  F (plasma)  >I*/2irr^  (5) 

The  best  way  to  follow  this  type  of  action  Is  to  use  a  streak  camera  and 
watch  the  plasma  sheath  move  In  towards  the  Intermediate  tube  and  then 
radiate  during  the  collision  processes  (Reference  4) .  This  action  would 
produce  one  high  Intensity  pulse.  In  fact,  we  see  one  such  pulse  followed  by 


Figure  20.  Pyrex  transmission  superimposed  on  blackbody  curves  for 

troperaturea  of  40.000*K  and  30«000*K.  The  graph  Is  a  plot 
of  the  log  of  Intensity  In  watta/cm*  "vs  log  plus  six  of  the 
wavelensCh  In  cm. 


WAVELENGTH  {%) 

Corrected  detector  aaplltude  readings  for  the  set  of  bandpass  filters 
plotted  at  bandpass  center  waveleneths. 


OD«  OX  two  aullor  pulaoa  ot  approxlaatoly  oqual  inccrvala.  This  can  easily 
ba  saan  in  Figure  22.  The  tialng  of  these  pulses  is  such  that  they  could  be 
secondary  shock  waves  arriving  at  the  interaadiate  tube  surface.  The  tine 
interval,  as  aaasured  from  Figure  22  and  other  sisdlar  data,  is  4  aicroseconds 
for  the  nain  pulse  and  12  nieroseconds  for  the  secondary  pulse,  as  aeasured 
froa  the  tlae  of  the  voltage  peak.  The  gap  between  the  inside  of  the  outer 
tube  and  the  outside  of  the  interaadiate  tube  is  2.7  ca.  Aasuae  that  the 
plasaa  is  foraed  and  starts  aovlng  as  a  shock  wave  during  the  time  between 
the  start  and  peak  of  the  current,  then  "coasts"  in  as  a  fully  developed 
shock  wave  and  eaita  light  as  the  shock  energy  is  converted  to  heat  during 
collision  with  the  outer  wall  of  interaediate  tube.  In  such  a  case,  the 


tine  between  the  peak  of  the  first  current  pulse  and  the  peak  of  the  light 
pulse  My  approxlMte  the  tranralt  tlM  for  the  shock  wave.  We  have  from 
the  data  of  Figure  22,  a  tiM  of  4  aicroseconds  and  a  velocity  of  6x8  x  10^ 
ca/sec.  By  using  the  tlM  interval  bettreen  the  Mjor  and  first  minor  light 
pulse  as  an  indication  of  the  tiM  for  the  wave  to  move  from  the  Intenaedlate 
wall  to  the  other  and  back  again,  we  have  a  tlM  of  12  microseconds  and  a 
velocity  exactly  the  ssm  as  above  for  the  secondary  shocks.  We  do  not  have 
suitable  instrumentation  to  analyse  the  shock  structure  in  the  plasM  cell, 
however,  the  numbers  we  show  above  are  plausible  and  the  apparent  lack  of 
coupling  between  the  radiation  output  and  the  electrical  input  lend  support 
to  this  analysis. 

The  above  description  deviates  from  the  process  we  had  hoped  to  get, 
which  was  slsgile  ohs^c  heating  of  a  plasM  to  a  temperature  between  2  eV  and 
5  eV.  This  My  still  occur  since  we  have  only  been  able  to  get  reliable 
diecharges  at  350  torr  and  lower.  Our  goal  is  to  get  either  an  all  Mtal 
plasM  or  a  Mtal  plasM  starting  a  high  pressure  gas  plasM  (>1  atmos  of 
argon  or  krypton).  In  such  a  ease,  there  will  be  considerably  more  electronic 
level  radiators  than  we  have  now. 


IX 


FOTEMTIAL  APPLICATIONS  EVALUATION  STATUS 


Potential  applications  for  the  laser  light  source  under  investigation 
can  only  be  conjecture  at  this  tlae.  It  is  expected  that  the  light  source 
can  eventually  be  aade  to  equal  the  standard  xenon  laap  In  efficiency.  The 
plasaa  light  source,  however,  will  have  a  pulse  length  of  about  ten  micro¬ 
seconds  compared  to  several  hundred  microseconds  for  the  xenon  lamp  and  will 
have  a  correspondingly  higher  intensity  up  to  lOOX  more  intense  than  the 
xenon  laap.  With  these  properties,  the  plasma  light  source  can  be  used  as 
a  fast  puap  for  a  Nd: glass  laser  or  for  a  dye  laser  or  perhaps  for  a  whole 
new  class  of  lasers  which  have  high  puling  thresholds.  There  is  also  the 
possibility  that  the  plasaa  light  source,  itself,  can  be  a  laser,  as  we 
mentioned  in  our  proposal  for  this  work.  The  experiamtnt  equipment  is 
designed  for  laboratory  use  only.  A  complete  "fieldable”  system  would  be 
much  more  compact.  Note  that  the  common  plastic-oil  dielect^'lcs  have  a 
dielectric  constant (e)  of  about  4  where  a  glycerol  has  e  >  44,  water  has 
e  ■  80,  and  barium  tltanate  has  e  >  1000.  Thus,  depending  on  the  properties 
the  capacitors  may  be  5  to  500  times  physically  smaller  than  they  are  now 
for  the  same  total  energy. 

Additional  information,  particularly  a  good  proof-of-princlple 
demonstration  experiment,  is  required  before  a  proper  critique  of  the 
plasma  light  source  can  be  made. 

X.  SECOMMENDATIOIIS  FOR  FUTURE  DEVELOPMENT 

We  recommend  the  continuation  of  research  in  the  use  of  the  plasma 
light  source  to  pump  Nd: glass  and  dye  lasers.  Work  in  this  area  will  fully 
exploit  the  presently  available  power  supply  and  discharge  system  Installed 
at  The  University  of  Alabama  in  Huntsville.  Variations  of  parameters 
experiments  should  be  made  to  determine  the  optimum  pumping  rate  on  a 
Nd: glass  laser  and  on  dye  lasers  containing  #R6C,  #0102,  and  #S3  dyes. 

This  selection  of  dyes  represents  color  bands  all  the  way  from  the  yellow 
to  the  near  ultraviolet  wavelengths.  Pumping  is  expected  to  be  vigorous 
enough  to  deplete  the  dyes  and  the  objective  is  to  produce  the  most  dye 
laser  output  power  that  we  can. 

It  should  be  determined  whether  or  not  the  plasma  can  be  made  to  act 
as  a  laser.  This  will  require  some  modification  of  the  present  discharge 
system.  An  MHD  plasma  drive  discharge  apparatus  may  be  the  best  configura¬ 
tion  for  this  experiment.  A  collapsing  plasma  configuration  will  be  used 
and  the  shock  wave  generated  by  the  collapse  will  heat  the  plasma  and  the 
rarefaction  wave  following  it  will  cool  the  plasma  with,  we  expect,  the 
proper  inversion  to  produce  laser  action. 
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